Interactions between heat shock (HS) factors (HSFs) and heat shock response elements (HSEs) are important during the heat shock response (HSR) of flora and fauna. Moreover, plant HSFs that are involved in heat stress are also involved in abiotic stresses such as dehydration and cold as well as development, cell differentiation and proliferation. Because the specific combination of HSFs and HSEs involved in plants under heat stress remains unclear, the mechanism of their interaction has not yet been utilized in molecular breeding of plants for climate change. For the study reported herein, we compared the sequences of HS-inducible genes and their promoters in Arabidopsis, soybean, rice and maize and then designed an optimal HS-inducible promoter. Our analyses suggest that, for the four species, the abscisic acid-independent, HSE/HSFdependent transcriptional pathway plays a major role in HS-inducible gene expression. We found that an 18-bp sequence that includes the HSE has an important role in the HSR, and that those sequences could be classified as representative of monocotyledons or dicotyledons. With the HS-inducible promoter designed based on our bioinformatic predictions, we were able to develop an optimal HS-specific inducible promoter for seedlings or single cells in roots. These findings demonstrate the utility of our HS-specific inducible promoter, which we expect will contribute to molecular breeding efforts and cell-targeted gene expression in specific plant tissues.
INTRODUCTION
It is predicted that climate change will adversely affect agriculture (Wheeler and von Braun, 2013; Rosenzweig et al., 2014) . As such, there is a growing need for the development of crops capable of adapting to change (Varshney et al., 2011) . At the molecular level, one of the most discussed environmental conditions is high temperature or heat shock (HS). Alterations in transcription, as a response to HS stress, have been shown for many genes, and HS-responsive gene products provide a stress-tolerance function (Morimoto, 1998; Schoffl et al., 1998) . Heat shock proteins (HSPs) that function as molecular chaperones are the most well-characterized HS-responsive proteins. Plant HSPs are classified into six groups (HSP20, HSP40, HSP60, HSP70, HSP90 and HSP100) according to their functional regions and approximate molecular weights (Waters et al., 1996; Bukau and Horwich, 1998; Saibil, 2000; Agarwal et al., 2001; Krishna and Gloor, 2001; Sung et al., 2001) . The high level of conservation among HSPs from prokaryotic and eukaryotic organisms suggests that their function is essential for species survival (Vierling, 1991; Feder and Hofmann, 1999; Wang et al., 2004) .
Heat shock factors (HSFs) are transcription factors that contain an N-terminal helix-turn-helix DNA-binding domain and regulate the expression of many HS-inducible genes, including HSPs (Wu, 1995; von Koskull-Doring et al., 2007; Kotak et al., 2007a) . Conserved plant HSFs have been grouped according to their structural features. The A-and B-type HSFs are activators and repressors, respectively, whereas the functions of C-type HSFs are unknown (Kotak et al., 2004) . Arabidopsis has a total of 21 HSFs, with several functioning as upstream regulators of the HS response. HsfA1s have roles in immediate HS-responsive gene expression (Lohmann et al., 2004; Busch et al., 2005; Liu et al., 2011; Yoshida et al., 2011) , HsfA2 and HsfA3 are active in thermo-tolerance (Nishizawa et al., 2006; Charng et al., 2007; Schramm et al., 2008; Yoshida et al., 2008) , HsfB1 and HsfB2b are transcriptional repressors (Ikeda et al., 2011) and HsfA9 functions as a master regulator of HSP gene expression during seed development (Kotak et al., 2007b) . The activation of HSFs is mediated by a ribonucleoprotein complex containing a translation elongation factor and a non-coding RNA (Shamovsky et al., 2006) . HSF activation is inhibited by HSP90 chaperones (Ali et al., 1998; Zou et al., 1998) , whereas inactivation of HSFs during attenuation of the HS response is mediated by HSP70 chaperones (Lee and Schoffl, 1996; Shi et al., 1998) . HSFs bind heat shock response elements (HSEs) with the core sequence 5 0 -nGAAnnTTCn-3 0 or 5 0 -nTTCnnGAAn-3 0 to form trimers, thereby regulating downstream gene expression (Amin et al., 1988; Perisic et al., 1989; Barros et al., 1992; Akerfelt et al., 2010) . The importance of HSF-HSE interactions has previously been suggested in the HS response. However, because plant HSFs are involved in the HS response as well as in waterdeficit stress, development, cell differentiation and proliferation (Guo et al., 2016) and are constitutively active in Drosophila and human cells (Hubel et al., 1995) , it has been suggested that induction of the HS response requires a specific combination of HSFs and HSEs.
In this study, to determine representative HS-responsive transcriptional pathways in plants we analyzed HS-responsive genes and promoter sequences in Arabidopsis, soybean, rice and maize. We also designed an optimal HS-inducible promoter based on detailed bioinformatics predictions of conserved cis-acting elements from HS-inducible promoters of these four plant species for molecular breeding purposes.
RESULTS AND DISCUSSION
Characterization of HS-responsive genes in Arabidopsis, soybean, rice and maize
To characterize plant HS-responsive genes, a transcriptome analysis of Arabidopsis, soybean, rice and maize was conducted using microarrays for 25 660, 43 640, 43 175 and 34 272 genes, respectively. In plants exposed to HS, the expression of 1882 (Arabidopsis), 3682 (soybean), 2629 (rice) and 5761 (maize) genes was significantly increased [Benjamini and Hochberg false discovery rate (FDR): P < 0.05, fold-change (FC) > 2], whereas that for 2019 (Arabidopsis), 4272 (soybean), 3175 (rice) and 2164 (maize) genes was significantly decreased (FDR: P < 0.05, FC < 0.5) (Tables S1-S4 ).
Using our in-house Gene Ontology database (Maruyama et al., 2012) , we annotated the identified HS-responsive genes with respect to molecular functions (Figure 1a-d) . We chose molecular chaperones as representative of plant genes for which transcription was increased by exposure to HS. The transcript increases for the molecular chaperone genes upon HS exposure were 16.1% for Arabidopsis, 11.0% for soybean, 16.4% for rice and 23.9% for maize. Because molecular chaperones can be grouped into HSP families, we performed phylogenetic analysis focusing on HSP20, HSP70 and HSP90 in Arabidopsis, soybean, rice and maize. Figure 1 (e)-(g) only depict representative HSP members. To show the phylogeny of individual groups, we constructed individual trees including all known sequences of groups with an outgroup (Figures S1-S3 ). We recognized several clearly identifiable clusters in the phylogenetic trees. HSP20, HSP70 and HSP90 family members predicted to localize within the same subcellular compartments (cytoplasm/nucleus, endoplasmic reticulum, plastids and mitochondria) were classified into separate groups, with plastid members and mitochondrial members forming a single group (Figure 1e-g ). Moreover, three additional classes belonging to the subcellular compartment-specific classes were identified in the HSP70 family.
Phylogenetic analysis was then combined with transcriptome analysis to characterize the three HSP families. All classes of the three HSP families were induced by HS, with 89.8% (HSP20), 58.9% (HSP70) and 83.3% (HSP90) of the genes in each family induced by HS (Figures 1e-g and S1-S3).
Quantification of abscisic acid (ABA) in Arabidopsis, soybean, rice and maize exposed to HS Several dehydrin/late embryogenesis-abundant (LEA) genes were also remarkably induced by HS (Figures 1a and S4 ). Increase in expression of dehydrin/LEA genes under HS were 16.7% for Arabidopsis, 13.6% for soybean, 16.3% for rice and 21.4% for maize. Because dehydrin/LEA genes have previously been reported to be induced by water-deficit (dehydration and/or cold) stress and ABA (Shinozaki and Yamaguchi-Shinozaki, 2007) , to clarify the relationship between HS-inducible gene expression and the effects of ABA we measured the levels of ABA and other phytohormones (trans-zeatin, N 6 -[2-isopentenyl]adenine, indole-3-acetic acid, indole-3-acetic acid-aspartic acid, gibberellin A1, gibberellin A19) in Arabidopsis, soybean, rice and maize plants exposed to HS. The ABA levels increased only slightly in Arabidopsis, soybean and rice plants under HS conditions, unlike the significant increase in ABA in plants exposed to dehydration (Maruyama et al., 2012) . In comparison with untreated plants, the ABA levels in HS-treated Arabidopsis, soybean and rice plants were 1.3-, 1.1-and 1.5-fold higher, respectively. Conversely, the level of ABA in maize plants decreased slightly upon HS treatment and was 1.2-fold less than in untreated plants (e)-(g) Phylogenetic trees of HSP20 (e), HSP70 (f), and HSP90 (g). Phylogenetic trees were constructed by the neighbor-joining method using MEGA6 software (Tamura et al., 2013) . The confidence level of monophyletic groups was estimated by bootstrap analysis of 1000 replicates. The HS response was determined by microarray analysis. Colored circles indicate the level of gene expression under HS conditions in terms of fold change as shown in the scale. Gray circles indicate no significant differences.
( Figure 2 ). Compared with untreated plants, the levels of other phytohormones in the four HS-treated species were also only slightly higher or lower. Moreover, soil moisture content did not differ significantly between control and HS conditions for Arabidopsis, soybean and maize ( Figure S5 ). These results suggest that the effect of ABA on HS-responsive gene expression is very limited.
Transcriptomic profiles in HS-, cold stress-, dehydration stress-and ABA-treated Arabidopsis plants
Plant HSFs are involved in HS and water-deficit stress. To clarify the relationship between HS-inducible and waterdeficit-inducible gene expression, we performed a microarray analysis using a HSF triple mutant (hsfA1a, hsfA1b, and hsfA1d; TM) (Yoshida et al., 2011) and an ABA-deficient mutant (NCED3 null mutant; nc3) (Urano et al., 2009) under HS conditions. In addition, we performed a principal component analysis (PCA) to compare how ABA-responsive genes are affected by HS, cold and dehydration. In HS-exposed TM plants (HS-TM), significantly increased expression was found for 1684 genes (FDR, P < 0.05 and FC > 2) and significantly decreased expression for 1608 genes (FDR, P < 0.05 and FC < 0.5; Table S5 ). In HS-exposed nc3 plants (HS-nc3), significantly increased expression was found for 1615 genes (FDR, P < 0.05 and FC > 2) and significantly decreased expression for 1209 genes (FDR, P < 0.05 and FC < 0.5; Table S6 ).
Using PCA, we compared the transcript profiles of nine types of Arabidopsis: untreated wild-type Columbia (UT-Co), untreated transgenic control (UT-Ct), HS-exposed wild-type Columbia (HS-Co), HS-exposed transgenic control (HS-Ct), cold-stress (CS)-exposed wild-type Columbia (CS-Co) , dehydration stress (DS)-exposed wild-type Columbia (DS-Co) , ABA-treated wild-type Columbia (ABA-Co) (Yoshida et al., 2010) , HS-nc3 and HS-TM (Figure 3a , Tables S7-S10). Temperature-related differences in the plant transcripts were reflected in their PC1 values and were positive for HS-Co, HS-Ct and HS-nc3 and were negative for UT-Co, UT-Ct, HS-TM, CS-Co, DS-Co and ABA-Co; for HS-nc3, HS-Ct and HS-Co the values were similar and largest. Conversely, CS-Co PC1 values were the smallest. The differences in PC2 values reflected those found for the transcripts of the UT plants and those treated with HS, CS, DS or ABA. The PC2 values were negative for UT-Ct, UT-Co and HS-TM and positive for HS-Co, CS-Co, DS-Co and ABA-Co.
We selected some of the genes with the first and second highest PCA loadings and then used heat maps to display their transcript levels ( Figure 3b ). PCA loadings are the correlation coefficient between the principal component and each transcript level. In the transcriptome profile, the first and second highest PC1 loadings are, respectively, for At4 g27670 and At4 g10250 (both encode HSP20). At4 g27670 and At4 g10250 transcript levels were significantly higher in HS-Co, DS-Co and HS-nc3 than in UT-Co and UT-Ct, but lower in HS-TM than in HS-Ct. Xero2 and cor15A transcripts showed the first and second lowest PC1 loadings, respectively. Xero2 and cor15A transcription was significantly higher in CS-Co, DS-Co and ABA-Co than in UT-Co. The first and second highest PC2 loadings were for At5 g66780 (unknown) and At2 g42560 (LEA), respectively, and in comparison with that for UT-Co, these transcripts accumulated to significantly higher levels in DS-Co and ABA-Co. The first and second lowest PC2 loading levels were those of AtGols3 and At5 g62360 (invertase) transcripts, respectively. Compared with UT-Co, the levels of these transcripts were significantly higher in CS-Co. PCA therefore classified the transcript profiles of the nine Arabidopsis plants into three groups according to stress Figure 2 . Phytohormone content in untreated (UT) and heat-shock-treated (HS) Arabidopsis, soybean, rice and maize plants. Phytohormone (abscisic acid, ABA; trans-zeatin, tZ; N 6 -[2-isopentyl]adenine, iP; indole-3-acetic acid, IAA; indole-3-acetic acid-aspartic acid, IAA-Asp; gibberellin A1, GA1; gibberellin A19, GA19) content in UT and HS Arabidopsis, soybean, rice and maize plants. A sample (100 mg) of each plant was used to measure the phytohormone content by liquid chromatography-mass spectrometry. Tests were performed on three independent plants. Error bars indicate the standard deviation. Asterisks indicate that the preparations of soybean phytohormones did not contain detectable levels of IAA or GA1. However, IAA could not be detected in soybean, probably because of impurities. GA1 could not be detected in soybean because of its low detection limit.
conditions: HS, water deficit (CS, DS and ABA) and untreated ( Figure 3) . Thus, most likely, the effect of waterdeficit stress on gene expression is very small under HS conditions. Our PCA also indicated that the transcript profile of HS-TM is similar to those of UT-Co and UT-Ct (Figure 3) and that most genes encoding HSP20, HSP70 and HSP90 are downstream targets of HSFs (Figure 4) . Previously, we found that the HSF transcriptional pathway is involved in HS-responsive gene expression in Arabidopsis (Yoshida et al., 2011) , and our current results confirm that finding. In addition, we performed a PCA to compare characteristics of HS-, cold-and dehydration-responsive rice genes. Using PCA, we then compared the transcript profiles of untreated wild-type rice (UT), HS-exposed wild-type rice (HS), CS-exposed wild-type rice (CS) (Maruyama et al., 2014) and DS-exposed wild-type rice (DS) (Maruyama et al., 2014) (Figure S6 , Tables S11-S14). The PCA results also indicated that, when subjected to one of the four treatments, the transcript profiles of the plants could be classified as (i) untreated or (ii) HS-treated or waterdeficit-treated (CS and DS).
Expression profiles of Arabidopsis HSP and HSF genes
Our PCA revealed that genes encoding Arabidopsis HSP20 (At4g27670 and At4g10250) might be involved in HS responses (Figure 3) . We focused on genes encoding representative HSPs (HSP20, HSP70 and HSP90) and HSFs and used log-ratio heat maps to examine their expression under HS, CS and DS, or ABA-positive conditions. We identified 14 HSP20 members in Arabidopsis, all of which are HS-inducible genes that are downstream of HSFs. Among them, eight (At1g53540, At2g29500, At3g46230, At5g12020, At5g12030, At4g10250, At1g52560 and At4g27670) are ABA-independent DS-inducible genes. Interestingly, most genes encoding HSP20 were downregulated under CS conditions (Figure 4a ). Figure 4(b, c) shows that the expression pattern of genes encoding both HSP70 and HSP90 is similar to that of genes encoding HSP20. The expression of most HSP70 and HSP90 genes increased in HS-Co and decreased in HS-TM, CS-Co and ABA-Co.
The 21 Arabidopsis HSFs were classified as being activators (group A), repressors (group B) or of unknown function (group C). The transcripts levels of genes encoding several HSF members were increased under HS. Moreover, the transcript level of HSFA2 was highest in HSF members under HS, whereas HSFA7a and HSFB1 transcripts had the second and third highest expression levels, respectively, under HS conditions. Conversely, the HSFA2, HSFA7a and HSFB1 transcript levels were significantly decreased in HS-TM compared with that of HS-Co and lower in CS-Co than in UT-Co (Figure 4d ). Transcription of genes encoding several HSFs was also increased under CS and DS and following ABA application, with the level of HSFA6a being the highest. These results confirmed that HSFs are involved in heat stress and in dehydration and cold stress (Guo et al., 2016) .
Conserved sequences in the promoters of genes downstream of HSFs and Arabidopsis, soybean, rice and maize HS-inducible promoters
To identify the conserved promoter sequences for genes downstream of HSF genes, we analyzed all hexamer sequences using our promoter research tool (Maruyama et al., 2012) . We diagramed the Z-scores of the hexamer sequences as scatter plots (Figure 5a ). In the promoters of downstream genes of HSFs (a/b/c), the sequence CTAGAA had the highest Z-score, which was 2.4-fold greater than in standardized promoters. TTCTAG and TCTAGA sequences had the second and third highest Z-scores, respectively. The conserved sequences in Arabidopsis HS-inducible promoters as well as promoters of genes downstream of HSF genes were found to be similar. In HS-inducible Arabidopsis promoters, the most conserved sequence (TCTAGA) was 2.8-fold more abundant than in standardized promoters. The second and third most conserved sequences were CTAGAA and TTCTAG, respectively. The conserved sequences in soybean HS-inducible promoters and promoters of downstream genes of HSF genes were also similar. For soybean HS-inducible promoters, the most conserved sequence (TCTAGA) was 3.7-fold more abundant than in standardized promoters. The second and third most conserved sequences were CTAGAA and TTCTAG, respectively. In rice HS-inducible promoters, the most conserved sequence (TCCAGA) was 2.4-fold more abundant than in standardized promoters. The second and third most conserved sequences were CGCTTC and GGTTCG, respectively. The TCTAGA sequence is also conserved in HS-inducible promoters of rice. In HS-inducible maize promoters, the most conserved sequence was TCCAGA, with TTCCAG the second most and TTCTAG the third most conserved; these sequences are similar to those in HSinducible rice promoters. We found that several highly conserved sequences in HS-inducible promoters overlap each other. We therefore characterized highly conserved sequences using WebLogo (Crooks et al., 2004) . Sequences surrounding CTAGAA, TCTAGA and TTCTAG in the promoters of downstream genes of HSF genes and in HS-inducible promoters of the four plant species were found to be similar to each other, and the consensus sequence is TTCTAGAA (Figure 5b) . The sequences surrounding TCCAGA and TTCCAG in HS-inducible promoters of rice and/or maize were also similar to each other, and the consensus sequence is TTCCAGAA (Figure 5b ). WebLogo revealed that highly conserved sequences, although not the CGCTTC or GGTTCG consensus sequences in HS-inducible promoters of rice, are part of the HSE sequence TTCNNGAA. Using comprehensive promoter analysis, we also found that the sequences corresponding to the HSE are most conserved in HS-inducible promoters. In a comparison of conserved HSEs in HS-inducible promoters of Arabidopsis, soybean, rice and maize (Figure 5c ), the HSE in HS-inducible Arabidopsis promoters was found to be similar to that of soybean, with TTCTAGAA being most conserved in Arabidopsis and soybean HS-inducible promoters. Additionally, GAA and TTC are highly conserved both upstream and downstream, respectively, of TTCTAGAA. The rice HSE in HS-inducible promoters is similar to that of maize. The TTCT/CAGAA sequence is the most conserved in rice and maize HS-inducible promoters, with GAA and C/TTC being highly conserved upstream and downstream, respectively, of TTCT/CAGAA.
To estimate the distribution bias of conserved HSEs, the sequences were localized in HS-inducible promoters of each species, and the number of conserved HSEs was calculated for every 50 bases within the promoters. HSE distribution patterns are illustrated by histograms in Figure 5(d) , and conserved HSEs of each species were found to be over-represented between positions -51 and -100 of the promoter sequences. Figure 5 shows that part of the HSE is the most conserved motif in Arabidopsis, soybean, rice and maize HS-inducible promoters and in promoters of downstream genes of HSF genes. The HSE/HSF transcription pathway also appears to be important for HS-responsive gene expression in Arabidopsis, soybean, rice and maize. Based on our comprehensive promoter sequence analyses, we can speculate on how the HS-responsive transcriptional pathway evolved. Previously, we reported the diversity of cis-acting promoter elements in the CS-inducible promoters of Arabidopsis, soybean and rice plants (Maruyama et al., 2012) . In particular, cis-acting elements, i.e. the dehydration-responsive, ABA-responsive and Evening elements, are highly conserved in CS-inducible promoters. Thus, we suggest that transcription factors binding these elements are involved in transcriptional regulation of CS pathways. We found that HSE is the most conserved sequence in HS-inducible promoters for the four plant species ( Figure 5 ). Only the aforementioned conserved sequences were found in HS-inducible promoters, suggesting that, for HS-responsive gene expression in land-plant, this HSE-dependent transcriptional pathway is needed, and it existed prior to the divergence of dicotyledons and monocotyledons. The diversity of the HS-responsive transcriptional pathway is suggested to be less than that of the CS-responsive transcriptional pathway. Moreover, because
HSEs can be classified as dicotyledon or monocotyledon (Figure 5 ), the HSE-HSF interaction might have become specialized after the divergence of these two classes.
Design of an optimal HS-inducible promoter
The importance of HSF-HSE interaction in the HS response of both flora and fauna has been reported by footprinting and/or mutational analyses (Perisic et al., 1989; Barros et al., 1992) . In contrast, plant HSFs are also involved in the response to water-deficit stress (Figure 4d ). To construct an optimal HS-specific inducible promoter, the sequence specificity of the HSE under heat stress must be known. In our present analyses, we obtained detailed bioinformatics predictions of the conserved sequences (cis-acting elements) of HS-inducible promoters in Arabidopsis, soybean, rice and maize. Based on these predictions, we attempted to design a HS-specific inducible promoter.
We transformed an 18-bp fragment of the soybeantype HSE into Arabidopsis and then performed functional analyses of the promoter. The soybean-type HSE (Figure 5c ) was placed in an optimal position (upstream of a TATA box within a 63-bp segment of the cor15A promoter), followed by a b-glucuronidase reporter gene (uidA) (Figure 6a ). cor15A is not induced by HS and is therefore not under the control of a HSF (Figure 3b) . Moreover, the soybean-type HSE sequence is absent from the native Arabidopsis promoter. We analyzed transgenic Arabidopsis plants for expression of uidA under promoter control for HS, CS, DS and ABA application (Figures 6b and c) . Independent transgenic lines were examined using quantitative reverse transcription polymerase chain reaction (qRT-PCR) (Figure 6b ). Transcript levels of marker genes (HS, AtHSP22.0; CS, AtGols3; DS, cor15A; and ABA, rd29A) were significantly higher in each stress-treated transgenic plant than in untreated transgenic plants. uidA expression did not increase in CS-, DS-or ABA-treated transgenic plants; however, its expression increased significantly in HS-treated transgenic plants (Figure 6b ).
Untreated transgenic plants showed only slight GUS activity based on a histochemical GUS assay. By contrast, HS-treated transgenic plants showed enhanced promoter activity in all tissues (Figure 6c) . We also performed in vivo single-cell gene induction using an infrared laserevoked gene operator (IR-LEGO) system to observe GUS activity in irradiated cells (Figure 6d ). Although the transcript levels of genes encoding several HSFs increased under CS, DS and with ABA (Figure 4d ), our HS-inducible promoter was not activated by CS, DS or ABA (Figure 6b ). This suggests that the function of HSEs under water-deficit (CS, DS and ABA) conditions differs from that of our HSE. These findings demonstrate the utility of our HS-inducible promoter, which we expect to contribute to 
EXPERIMENTAL PROCEDURES Plants and growth conditions
We grew the Arabidopsis lines TM, nc3, Co and Ct in plastic pots that contained peat moss for 3 weeks (principal growth stage, 1.07-1.08) with a photocycle of 16-h light/8-h dark and light of 50 AE 10 lmol photons m À2 sec À1 at 22°C. The plants were treated for 30 min at 37°C. We also cultivated rice (Oryza sativa L. cv. Nipponbare), soybean (Glycine max cv. Williams82) and maize (Zea mays cv. B73) in plastic pots containing nutrient soil for 3 weeks, but under lowland flooded (rice) or upland (soybean and maize) conditions. The photocycle for these plants was 12-h light (28°C)/12-h dark at 25°C and~1500 lmol photons m À2 sec
À1
. Rice and maize were treated for 30 min at 42°C.
Liquid chromatography-mass spectrometry
We quantified the amounts of phytohormones from the aerial tissues of the Arabidopsis, soybean, rice and maize plants (100 mg each) (Kojima et al., 2009 ) by liquid C18 column chromatography (AQUITY UPLC BEH C18 column, 1.7 lm, 2.1 mm 9 100 mm; Waters, http://www.waters.com/) followed by mass spectrometry (UPLC/Quattro Premier XE; Waters). Three biological replicates were examined for each experiment.
Microarray analysis
We isolated total RNA from aerial tissue of the four plant species and then labeled the RNA with Low RNA Input Linear Amplification/Labeling kit reagents (Agilent, http://www.agilent.com/). The experimental and control Cy5-labeled cRNAs were hybridized on the microarray slides. We included biological and technical replicates for each sample set. We visualized the hybridized samples on the microarray slides with a G2505C scanner (scan control software, version A.8.5.1; Agilent) and used Feature Extraction software, version 10.10.1.1 (Agilent) to capture the data. We converted the raw expression data into log ratios and calculated BenjaminiHochberg FDR P-values using GeneSpring GX software, version 12.0 (Agilent). We deposited a description of the microarray design and the experimental data into the ArrayExpress database at https://www.ebi.ac.uk/arrayexpress/ (accession nos E-MTAB-4503, E-MTAB-4504, E-MTAB-4505, E-MTAB-4506, E-MTAB-4530, E-MTAB-4531).
IR-LEGO microscopy
We slightly modified the IR-LEGO microscope optical system (Sigma-Koki, ww.sigma-koki.com/) reported by Deguchi et al. (2009) objectives (UApo340 20Á⁄0.75 UV and UApo340 40Á⁄0.90 UV, Olympus, http://www.olympus.com/). The targets were irradiated with an IR laser.
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